Introduction {#sec1}
============

The prostatic urethra (PU) is an essential element with respect to the urinary continence physiology. For years its study was neglected in morphological research. McNeal was the first to point out the morphological complexity of the PU and its pathophysiological aspects \[[@cit0001]\]. Studies showed that the transitional zone (TZ) of the prostate was enlarged in cases of benign prostatic hyperplasia (BPH) \[[@cit0002]--[@cit0005]\].

Benign prostatic hyperplasia is the most common urologic disorder in elderly men (above 50 years old) \[[@cit0005]--[@cit0007]\], and it is associated with complex interactions between the epithelial cells \[[@cit0004]\] and their supportive stroma \[[@cit0003]\].

Recent studies showed that BPH nodules can cause a significant decrease in elastic fibers and connective tissue of the PU and an increase in fibronectin \[[@cit0008], [@cit0009]\]. Despite this, studies that address the ultrastructural organization of the human PU are scarce \[[@cit0001], [@cit0008]--[@cit0010]\]. Thus, little is known about the ultrastructure of the normal and pathological prostatic urethral wall.

The study conducted herein aims to analyze and elucidate the organization of the extracellular matrix (ECM) of normal human prostates with the aid of a scanning electron microscope (SEM).

Material and methods {#sec2}
====================

Ethical procedures {#sec2.1}
------------------

This study complies with the provisions of the Declaration of Helsinki in 1995 (as revised in Edinburgh, 2000). Our Internal Review Board approved the study guidelines. Also, the protocol was approved by the Ethics Committee on Human Research of the State University of Rio de Janeiro (0040.0.228.000-11).

Samples {#sec2.2}
-------

Ten prostates were obtained during the autopsy of ten men (mean age: 24 ±4.0 years, range: 18--30) with accidents as causa mortis. The prostates presented normal macroscopic and microscopic aspects ([Figure 1](#f0001){ref-type="fig"}). The mean ± SD (range) weight of the gland was 22 ±2.6 g (19.0--25.0). The TZ was located and dissected, as stated by previous studies \[[@cit0001], [@cit0002], [@cit0004]\], and the tissue was immediately fixated in a solution of glutaraldehyde (2.5%) and paraformaldehyde (2%) in 0.1 M sodium phosphate buffer (pH 7.4). The time elapsed between death and fixation of the samples was less than 6 h.

![Macroscopic and microscopic aspect of the prostate. The prostatic urethra (PU) is indicated by the red arrowhead. The ejaculatory ducts are also seen (black arrowheads). H&E stain (100×)](AMS-16-5-40095-g001){#f0001}

Scanning electron microscopy {#sec2.3}
----------------------------

The specimens were conserved in a modified Karnovsky solution of glutaraldehyde (2.5%) and paraformaldehyde (2%) in 0.1 M sodium phosphate buffer (pH 7.4) for 48 h. Some of the tissue specimens were routinely processed for paraffin embedding and 5 µm thick sections were stained with hematoxylin/eosin and examined by a pathologist not involved in the study to detect and exclude foci of carcinoma or BPH.

To better visualize the three-dimensional organization of the prostatic stroma under the SEM, tissue samples were treated to solubilize and remove cells \[[@cit0009]\]. Thus, for each man, three fixed TZ fragments (1 × 1 × 0.3 cm) were washed in a sodium phosphate buffered solution (SPBS) for 2 h at 4°C and then incubated in a solution of 2 M NaOH (40 ml) at room temperature for 8 days. During 3 days, the samples were rinsed in a solution containing 40 ml of distilled water at room temperature until they were pale and transparent. This solution was changed during each day of this process.

The processing of materials for high-vacuum SEM followed standard procedures \[[@cit0011]\]. Decellularized preparations were first treated with 1% tannic acid in an SPBS for 2 h and washed for 1 h. Post-fixation was done in 1% osmium tetroxide in an SPBS for 3 h, after which the samples were washed for 1 h and dehydrated in an ascending graded series of ethanol. Samples were then dried with liquid carbon dioxide, mounted on aluminum stubs with carbon cement, and coated with gold using a sputter coater. The samples were examined in an SEM with an acceleration voltage of 15--20 kV.

Measures and photographs of the approximate linear thickness were taken in order to better characterize the fibrous components of the stroma and allow comparison with other tissues. This process was done with the aid of ImageJ 1.37 software. The photographs were taken at 8000× resolution. We also used the same program to extract the mean and standard deviation values. Intact samples (which consisted of fixed but otherwise unprocessed tissue specimens) were also examined directly under low vacuum SEM to assess the luminal surface of the urethral wall and the overall quality of the sample. This SEM technique was also used to monitor the efficiency and extent of the cellular solubilization process.

Results {#sec3}
=======

Decellularized preparations showed that a relatively narrow fibrous septa formed a dense and supportive network for the urethral wall (submucosa layer), as seen in transverse sections ([Figure 2](#f0002){ref-type="fig"}).

![Cross section of the prostatic urethral wall. Smooth and grossly homogeneous fibrous sheet lines with fibrous septa (submucosa) can be seen. Original 8000×](AMS-16-5-40095-g002){#f0002}

Removal of the epithelial cells (mucosa) showed a smooth and grossly homogeneous fibrous sheet that lined the surface of the urethral wall. A spongy organization with a thin but dense lamellae delimitated empty spaces on the deeper ECM portion of the fibrous septa. These empty spaces were formerly occupied by cells ([Figure 2](#f0002){ref-type="fig"}).

The network of collagen fibers seemed to support the epithelium as a basal layer as seen in a superior view ([Figure 3](#f0003){ref-type="fig"}). In this region, the fibers were organized in subjacent parallel layers (formed by collagen fibers arranged in flat bundles). These bundles divided and fused repeatedly, forming a network of collagen fibers which was denser in the basal lamina of the prostatic urethra wall ([Figure 2](#f0002){ref-type="fig"}). This smooth sheet consisted of different structural components that formed distinct layers. The superficial layer (beneath the mucosa surface) was smoother and composed of 110--150 nm thick fibrils that grouped parallel to one another and formed a sheet ([Figure 3](#f0003){ref-type="fig"}). Under this layer there was a meshwork of loosely woven thin fibrils, with a thickness of 77--115 nm. Those fibrils were oriented in less defined directions ([Figure 2](#f0002){ref-type="fig"}).

![Luminal sheet lining the surface of the empty urethral wall. Higher magnification shows that the luminal sheet is composed of fibrils that possess a parallel arrangement. In places where these fibrils are more widely separated, a meshwork of 110--150-nm thick fibrils forming a layer just underneath can be seen](AMS-16-5-40095-g003){#f0003}

Discussion {#sec4}
==========

The PU is lined by transitional epithelium. Regional differences may exist and vary from squamous, stratified or pseudostratified columnar epithelium \[[@cit0012], [@cit0013]\]. These variations may extend to the prostatic ducts \[[@cit0014]\]. It primarily consists of a mucosal layer covered by the urothelium. Beneath the basal membrane lies a layer of connective tissue (submucosa) which contains vascular sinusoids, fibroblasts, an ECM constituted with collagen, proteoglycans, elastic fibers, and glycoproteins \[[@cit0012], [@cit0015]--[@cit0017]\]. Furthermore, the submucosa is composed of an inner longitudinal and an outer circular layer of smooth muscle \[[@cit0014], [@cit0018]--[@cit0020]\]. Recent studies consider the submucosa as a completely independent structure \[[@cit0018]--[@cit0020]\].

Together, the fibroelastic tissue, collagen and many elastic fibers forms an insoluble ECM that can be found on different organs; moreover, it is reported that their function is to provide elasticity and biomechanical resistance \[[@cit0021]\].

Thus, elastic fibers and collagen are critical ECM components, with special regard to organs in which physiological conditions cause changes in its shape (e.g. the male urethra). These elements of the spongy urethra have been previously studied \[[@cit0015]--[@cit0017], [@cit0022]\].

Studies showed that a significant amount of collagen content was observed through the interaction of elastic fibers with collagen and it was suggested that elastic fibers are important for urethral compliance \[[@cit0022], [@cit0023]\]. The ECM of the PU has received less attention than smooth muscle disposition and innervation; hence, it has not been properly studied \[[@cit0018]--[@cit0020], [@cit0024]\].

A study performed by Lloyd-Davies *et al*. \[[@cit0025]\] evaluated the urethra and bladder and they proposed that bacterial retention within the urethra and bladder was due to the flow of urine and irregularities of the mucosa. They analyzed the urothelium with the aid of a scanning electron microscope and concluded that urine discharge induced "bacterial washout", as the folds were abolished by distension.

An SEM was used in this study to analyze the three-dimensional organization of the fibrous components in the stroma of the TZ from normal human PU. Our results showed that the PU is structured as a typical membrane composed of three major layers. The first under the epithelium is the lamina lucida, followed by the lamina densa, and lastly there is the poorly delimited pars fibroreticularis \[[@cit0026]\]. Our results were similar to the findings of a study conducted by Hakky \[[@cit0010]\], although the author did not evaluate the fibroreticularis framework.

Studies of the tracheal and bronchial basement membranes through an SEM showed that once epithelial cells are gently removed (with EDTA), the lamina densa appears as a homogeneous and smooth sheet \[[@cit0027], [@cit0028]\]. Under this layer there is a more heterogeneous pars fibroreticularis which contains layers of collagen fibers with a variable degree of organization. Our images showed that the stromal component that faces the acinar lumen consists of distinct connective tissue fibrils in a parallel arrangement that is markedly different from the lamina densa morphology, as seen under the SEM.

Therefore, we assume that less resistant components of the lamina densa (such as type IV collagen) were removed by the alkali treatment, which left the pars fibroreticularis exposed. Recent investigations showed that the goal of current processing methods (including decellularization) is to produce a purified ECM, although they rarely resulted in an intact basement membrane \[[@cit0029]\].

Furthermore, there was a meshwork composed of less organized connective tissue fibers under the luminal fibrous sheet, which should also be part of the pars fibroreticularis, as our results showed. This structural organization was similar to the results of our previous study in prostatic acini \[[@cit0030]\].

The composition and structure of the pars fibroreticularis are more variable than any other parts of the basement membrane \[[@cit0031]\] and differences have been found among other tissues, such as rat skin, whereas a less organized meshwork of fibers was immediately followed after the lamina densa \[[@cit0028]\], or rat trachea, where studies showed that there was firstly a sheet of fibers in a parallel arrangement followed by a layer of fibers with a variable disposition \[[@cit0027]\].

The latter disposition of pars fibroreticularis was similar to what we found in the human prostate. However, studies showed that the parallel collagen fibers that composed the fibrous sheet under the lamina densa were thicker (average of 500 nm) in the rat tracheas \[[@cit0027]\], while in the PU, these fibers had a 110--150 nm thickness. This difference might be explained as a functional adaptation, since the prostate acini and ducts are subjected to less stretching forces than the trachea. Previous studies showed that the pars fibroreticularis is structurally more variable than other regions of basement membranes \[[@cit0008]\].

In conclusion, our results showed that the PU of the normal human prostate presents a dense ECM fibrous component around the urethra and they would act as a diffusion barrier. This barrier might enhance local cellular responses during events that are known to occur in some disorders \[[@cit0008]\]. The ECM of the prostatic urethral wall also included a distinct pars fibroreticularis, thus supporting the notion of high structural variability in this region regarding the basement membranes.
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